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SUMMARY 

Parabolic  rate  constants  of  the  reaction  of  chromium  with  nitrogen  gas  fouler  oxygen- 
free  conditions  have  been  determined  aver  a  range  of  temperature  ( loot) v  I250K)  and 
nitrogen  pressure  (0-265-101  -53  k  Pa).  The  growth  rale  of  the  subnit  ride  was  measured  bv  a 
thermogravimetric  technique  using  a  single  specimen.  W  agner's  oxidation  theory  is  used 
to  calculate  the  seff-diffusivitv  and  intrinsic  diffusivity  of  nitrogen  in  the  subnitride  from 
a  theoretical  analysis  of  the  parabolic  rate  constant.  The  calculated  diffusivities  varied 
with  the  composition  of  the  subnitride,  having  minimum  values  at  intermediate  composi¬ 
tions  of  the  non-stoichiometric  chromium  nilride/^Cry^.  . 
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I.  INTKOIH  (TION 

The  mechanical  properties  of  chromium  and  chromium-base  alloys  are  adversely  affected 
by  their  reaction  with  nitrogen  at  high  temperatures  and  a  knowledge  of  minding  kinetics  is 
expected  to  be  helpful  in  the  development  of  chromium-base  allots  lor  gas  turbine  applications 
Although  the  rate  of  nitriding  of  chromium  has  been  studied  h>  several  investigators.1  1  the 
data  are  very  limited:  only  Schvverdtfeger1  studied  the  ellect  of  nitrogen  pressure  and  Ins  study 
was  restricted  to  two  temperatures.  1100  and  1200  C  I  he  suhmlridc  (  i  V  film  formevl  on 
chromium  is  uniform  in  thickness,  dense  and  adherent,  and  it  formation  lollows  parabolic 
kinetics.  It  has  been  clearly  established l  :!-1  that  the  growth  ol  the  him  occurs  In  the  diffusion 
of  nitrogen  through  the  nitride  hint. 

The  present  work  was  undertaken  to  studv  the  kinetics  ol  the  growth  of  chromium  sub- 
nitride  on  chromium  in  nitrogen  gas  over  the  lenipci.iture  range  1000  1220  (  as  a  function 

of  nitrogen  pressure,  and  to  a  Italy  se  the  kinetic  data  using  i  lie  del  ailed  ei|iiihbi  mm  measurements 
on  the  (i  N  system  previously  reported  bv  the  present  authoi  1  ’■ 


2.  KXPI  KIMIM  Al 

A  gravimetric  technic|ue  was  used  to  determine  the  rale  of  minding  I  lie  thermobalance 
was  a  C  alm  automatic  recording  R  G.  Ideetrohalaike  and  the  appaiatus  for  temperature  control, 
pressure  control  and  nitrogen  purification  has  been  described  in  detail  elsewhere  1  I  he  impoitant 
feature  of  the  system  is  the  use  of  a  150  mm  tube  of  minded  titanium  at  the  bottom  of  the 
alumina  reaction  lube.  The  specimen  was  suspended  in  the  centre  of  this  tube,  which  eliminated 
the  possibility  of  oxidation  of  the  specimen  by  residual  oxygen  and  water  vapour  in  the  apparatus 

Only  one  specimen,  with  dimensions  S  S  2-4  mm.  was  used  in  the  experiment'  li 
was  prepared  from  rolled  strip  of  high-purity  electrolytic  chromium  by  polishing  with  abrasive 
papers  under  kerosene  down  to  4  0.  then  washing  (in  turn)  in  petroleum  ether,  alcohol  and 
acetone.  The  specimen  was  de-oxidi/ed  in  the  apparatus  m  hydrogen  at  1200  (  loi  '  liouis 
prior  to  the  nitriding  studies,  before  each  test,  the  specimen  was  equilibrated  at  the  test  tempci.i- 
lure  in  nitrogen  at  a  pressure  j ust  below  the  dissociation  pressure  of  "(  r.  V  I  he  pressure 
was  then  raised  to  the  value  selected  for  the  lest.  At  the  end  of  a  lest,  the  pressure  was  reduced 
so  that  the  "Cr.-N"  dissociated  and  the  chromium  specimen  was  regenerated  I'oi  the  next  ’.'1 
With  this  procedure,  the  measurements  wene  made  in  a  veiv  slioit  lime  and  the  uncertainties 
associated  vvilh  the  use  of ’separate  specimens  for  each  lest  were  eliminated 


X  HI  SI  I  IS 

It  was  found,  m  agreement  with  the  results  of  otliei  woi  kei  s.  that  the  in  1 1  id  mg  ol  chioimum 
follows  i he  parabolic  law 


where  All  weight  change  during  minding,  t  siiilace  men  ol  the  specimen  A  p.u.ibohc 
rale  constant,  and  /  reaction  time  I  igures  I  and  2  show  tvpic.il  ic'iilts  in  uccoiduucc  with 
this  law  Dependence  ol  A  .  I  able  I.  on  nitrogen  pic'sinc  and  lcmper.it  lire  is  shown  m  i  ipure  ? 
where  A  is  plotted  against  log/’v  -  I  oi  cl, mix  and  compactness,  the  values  ol  A  are  soiled 
by  a  factor  li  and  displaced  by  a  constant  <  (shown  on  ligiiivi  I  he  relation  between  A  and 
log  p  v  •  is  be't  represented  bv  a  sigmoidal  shaped  cinve  I  he  mlleclion  is  nioie  evident  at  the 


I 


lower  temperatures,  where,  with  nitrogen  pressures  restricted  in  i  atmosphere  u  was  possible 
to  study  the  reaction  with  compositions  at  the  subnilride  mitogen  inter  trice  close  ii»  lire  upper 
limiting  composition  of  "CmN".  Above  1100  (.'.  mucli  Ingl  er  pressures  are  required  to  study 
the  same  composition  range  e  g.  at  1 250  C\  the  "(mV  (  rN  cquihbiium  pressure  is  about 
1 160  kPa5. 

Schwerdtfegcr's'  results  are  also  plotted  in  f  igure  V  At  1200  <  .  at  the  nigh  picture  end. 
his  values  for  A  are  lower  than  the  present  results.  At  I  100  (\  Schwciditcger  ignored  one 
value  of  A'  and  his  curve  showed  no  inflection.  If  equal  weight  is  attached  to  each  point,  agree¬ 
ment  with  the  present  work  at  1  100  ('  is  very  good  and  a  sigmoidal-shaped  curve  is  obtained. 


4.  DISCUSSION 


Wagner’  derived  an  expression  relating  the  parabolic  rate  constant  and  the  diffusion 
coefficients  of  the  anions  and  cations  in  the  scale  formed  on  a  metal  through  reaction  with 
a  gas.  In  the  case  of  “CrjN".  where  nitrogen  is  the  diffusing  species.  Wagner's  equation  gives 
the  following  relation  between  A  and  the  self-diffusivity  of  nitrogen  P\*. 
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where  A  is  in  (tg  nitrogen)-  m  1  min  '].  o  is  the  concentration  of  nitrogen  in  tg  nitrogen  m  ‘i. 
D.\*  is  in  (m- min  '(.and  r/.v  is  the  nitrogen  activity  with  the  indices  v  and  i  retelling  to  the 
subnitride-gas  and  subnitride-chromium  interfaces  respectively  Differentiating  I  quation  (2i 
and  setting  a.\  />.v2:  gives: 
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A  simplifying  assumption  involved  in  the  derivation  of  I  qualions  i2i  and  (m  is  that  the 
concentration  c  is  essentially  constant  and  that  the  unidirectional  diffuxioii.il  flu s  at  a  given 
time  is  the  same  in  all  planes  throughout  the  tarnish  layer:  this  is  a  teasoitahle  assumption  lot 
phases  of  narrow  composition  range. 

For  "C’r-jN".  which  hits  a  relatively  wide  composition  range  Schwcidtlcgci 1  dcuved  the 
following  modification  of  Wagner's  equation,  based  on  the  assumption  that  the  ni'ioeeti  con¬ 
centration  profile  across  the  subnitride  is  linear. 
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where  c.  and  o  arc  the  nitrogen  concentrations  at  the  submtride  ga-  and  submttide  c  Unmium 
interfaces,  respectively  Dill'eientialmg  I  quation  (4l  anil  setting  />  .  eoc- 
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Schwerdtleger's'  data  lot  the  concentration  of  nitrogen  in  i lie  subnu i  ule 
i  in  (  r_s  Nr.  lit  the  lineal  relation 

,  (f-X4  i  ‘>2 1  !<>’ 

liquation  (5)  mav  be  modified  using  </<  ,/i  (>S4  IO:  to  give 
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Values  of  i  a  ml  ,/i  «/ log  p  \  •  wete  calculated  'tom  t‘e  I'lcmi  an" 
pressure  data  (  Ref  h.  I  tg  I  i  A  ami  ,/A  ,/  log  /<  >,  .  wete  •  ■ht.i-'i,  ,!  1 1 ,  m  I  uoi  I 


of  the  curves  were  calculated  using  a  live-point  formula  lor  the  first  derivative  of  an  experimental 
function  (l.anc/os11). 

If  dilfusion  in  chromium  suhnitride  is  accompli shed  essentially  In  random  motion  of 
nitrogen  vacancies,  the  self-diffusivity  should  he  proportnmal  to  the  ratio  of  die  number  of 
vacant  nitrogen  sites  to  the  number  of  occupied  nitrogen  Mies  t//\  n  \  i  tl  im  Values 
of  l)\*  calculated  using  liquation  ( 7 )+  are  plotted  as  a  function  ol  //  \  /.•  •,  u.  I  tgutc'  4  ami  ' 
The  proposed  linear  relationship  was  not  obtained  Instead  the  e lines  passed  through  a 
minimum  which  suggests  that  the  intrinsic  ditfusiv ny  l>\  of  nitrogen  vanes  with  the  com¬ 
position  of  the  suhnitride. 

The  ditfusiv  itv  />v  can  be  related  to  the  self-dilltisivity  /'v !  bv  the  dilution 
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which  mav  he  re-arranued  to  give 
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Values  ol  /)  \  calculated  using  liquation  (‘>1  are  plotted  as  a  function  of  composition  in 
figure  h.  l'lte  intrinsic  dilfusivity  of  nitrogen  is  shown  to  depend  on  composition,  increasing 
towards  both  t  he  lower  and  upper  limits  oft  he  composition  range  ol  the  suhiuti  ale .  the  minimum 
shifts  to  lower  nitrogen  contents  with  increasing  temperatuie. 

was  calculated  using  liquation  (l)|  and  constant  values  for  l>\  I  he  results  for  I  lie 
temperatures  I  lot)  and  1250  (.'  are  plotted  in  f  igures  4  and  5  I  he  values  of  / )  s  used  wetc 
the  minimum  values  for  the  curves  in  f  igure  h  and  it  is  seen  that  the  equilibrium  data  (Rel.  (>. 
fig.  Ilgive  a  linear  relation  between  l>  \  *  anil  ii\  n\  it'  />\  is  independent  of  composition: 
however,  the  curves  do  not  pass  through  the  origin. 

It  was  not  possible  to  calculate  meaningful  values  of  activation  energies  front  the  data  due 
to  the  large  variations  of  <.  and  the  dissociation  pressure  of  the  submit tde  with  teinpeiature. 
and  the  complex  dependence  of  the  dillusivity  on  composition  and  temperature. 

Sclivveidtfeger1  measured  the  intrinsic  dillusivity  of  miiogcn  in  chromium  sithtiitiide  at 
1200  (  anil  concluded  that  it  was  essentially  independent  ol  composition  I  he  variations  in 
dillusivity  values  calculated  front  the  kinetic  data  are  large  enough  to  be  readily  measured 
experimentally  A  study  oil  he  dillusivity  of  nitrogen  in  chromium  suhnitride  will  be  undertaken 
to  assess  the  validity  ol  the  calculations  of  ditfusiv  ities  in  the  present  woih. 


5.  COM  11  SIONS 

A  new  lechiiiqtie  with  a  single  specimen  lias  been  used  siicce-slullv  to  delennim  the  kinetics 
ol  the  reaction  ol  nitrogen  with  ehrontiinn  over  a  wide  i.inge  ol  tempeiatuie  and  nitrogen 
pressure. 

Nitrogen  dillusivilies  in  chromium  siibintnde  ealeulateil  using  Wapnefs  oxidation  llteorv 
indicate  that  the  dillusivity  vanes  with  composition,  passing  iluoueli  a  ntimnmm  value  at 

intermediate  compositions  I  lie  composition  having  ilic  miininimi  diltusivuv  v.ities  wilh 

leiiiper.it  lire 

+  I  qiiulion  | 'i  tedueis  io  I  qualion  (<i  on  putting  .  and  neglecting  the  secot  ‘  term 

in  the  brackets,  ilus  second  term  was  found  to  lie  III  oi  les,  ol  the  lust  tcim  and  putting 

<,  i  incicascd  ihe  first  term  bv  a  corresponding  amount,  so  that  values  ol  />\‘  calculated 
from  I  qii.it  ion  (  '  i  a  e  iced  w  if  Ii  l  In  we  calculated  trout  I  qualion  l  <  t  to  w  nlnn  I  s  • 
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Parabolic  Rate  Constants  for  the  Formation  of  Chromium  Subnitride  l.aur  on  (  hromium 
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Fig.  2.  Curves  showing  the  effect  of  nitrogen  pressure  on  nitriding  kinetics  of  chromium  at 
1 150°C. 
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Fig.  3.  Parabolic  rate  constant  for  the  nitriding  of  chromium  as  a  function  of  nitrogen 
pressure  at  six  temperatures. 
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Fig.  4.  Self  di ffusivity  of  nitrogen  in  chromium  subnitride  at  1000°,  1050°  and  1 100°C 
as  a  function  of  composition,  — O—  calculated  from  Eq.  (7),  -#■-  calculated  from  Eq.  (9) 
for  1 100°C  assuming  Dpg  constant. 
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Fig.  5.  Self  diffusivity  of  nitrogen  in  chromium  subnitride  at  1 150°,  1200  ami  1250°C 
as  a  function  of  composition,  -O-  calculated  from  Eq.  (7),  •  calculated  from  Eq,  (9) 

for  1250°C  assuming  Djy  constant. 
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